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arcoidosis is a multisystem disorder of unknown etiology characterized by noncaseating granuloma formation in pulmonary tissue and extrapulmonary organs, such as the skin, lymph nodes, and the heart. 1 Cardiac involvement is characterized by the development of atrioventricular block, ventricular tachycardia (VT), congestive heart failure, and sudden cardiac death. In autopsy studies, 20% to 70% of patients with recognized extracardiac sarcoid have subclinical cardiac involvement. 2, 3 Sustained monomorphic VT in cardiac sarcoidosis is a significant predictor of mortality. 4 Cardiac sarcoid patients with an implantable cardioverter defibrillator experience ventricular arrhythmias at an incidence of 15% per year. 5 To date, our understanding of the mechanism, electrophysiological substrate, and role of catheter ablation in sarcoid-related VT are derived from small series of patients. 6, 7 In this study, we report the electrophysiological and electroanatomic substrate and outcomes of catheter ablation in a cohort of patients with cardiac sarcoidrelated VT treated with catheter ablation. February 2015
Mapping and Radiofrequency Ablation
Procedures were performed as described previously (Methods in the Data Supplement). 8 Mapping and ablation were performed using a 4-mm or 3.5-mm tip catheter (NaviStar, NaviStar ThermoCool or ThermoCool SF; Biosense Webster, Diamond Bar, CA). Endocardial/ epicardial voltage maps were created using the CARTO electroanatomic mapping system using ventricular electrogram amplitude. Pace and entrainment mapping were performed using unipolar pacing from the distal electrode (10 mA output and 2-ms pulse width). 9 Bipolar electrogram amplitude of <1.5 mV was defined as low-voltage area consistent with scar. 10 Dense scar was defined as voltage ≤0.5 mV. Electrically unexcitable scar was defined as sites where the pacing threshold exceeded 10 mA with 2-ms pulse width. 9 Epicardial mapping was performed using the percutaneous approach if VT was suspected to be of epicardial origin. 11 Coronary angiography was performed before epicardial ablation to avoid coronary injury.
In all patients, complete endocardial voltage maps of the chamber of interest were obtained. For describing scar distribution, the endocardial right ventricle (RV) was divided into RV outflow tract, RV free wall, septum, inferior wall, and peritricuspid annular, and the endocardial left ventricular (LV) regions into anterior, septal, inferior, lateral, apex, and the LV outflow tract/aortomitral continuity.
Programmed ventricular stimulation was performed with ≤3 extrastimuli after a drive train 600 ms and 400 ms from 2 RV sites (Methods in the Data Supplement). This protocol was repeated after ablation. The mechanism of VT was defined as scar-related re-entry when induction and termination were demonstrable with programmed ventricular stimulation, fulfilled criteria for transient entrainment, had an exit site at a low-voltage area consistent with scar, had evidence of slowed conduction with pace maps in this region yielding a stimulus-QRS delay of >40 ms, and when ablation in the putative isthmus region abolished >1 morphology of VT. Re-entry circuit sites were defined by entrainment and pace mapping as reported previously. 12 Sustained monomorphic VT was defined as continuous VT for ≥30 s or that required an intervention for termination (cardioversion, pacing, or ablation). We defined spontaneous VT as any inducible VT that had a 12-lead EKG morphology and rate (within 20 ms) matching a VT that had documented to have occurred spontaneously before ablation; only the rate cutoff and intracardiac electrogram data from the implanted cardioverter defibrillator were used when the 12-lead VT morphology was not available before ablation. Nonspontaneous VTs were inducible VTs that did not have an identical rate (>20 ms difference) or 12-lead EKG morphology to the spontaneously documented VT before ablation.
The approach to ablation is detailed in the Methods in the Data Supplement but has been described previously. 13 Irrigated radiofrequency ablation was delivered at a power of 25 to 50 W targeting an impedance drop of 10 to 20 ohms. Applications were repeated at target areas until they were rendered electrically unexcitable with unipolar pacing at 10 mA at 2-ms pulse width. 9 Ablation lesions were placed only in areas of low voltage (<1.5 mV).
Intramural circuits were inferred on a combination of (1) suggestive 12-lead EKG morphology (septal origin) 14 ; (2) bipolar or unipolar voltage abnormality with electrogram amplitude <5.5 mV for the RV 15 ; and <8.3 mV in the LV or the interventricular septum 16 or bipolar voltage maps; (3) when the closest sites to the circuit were identified on either side of the septum (if septal origin) or either side of the endo-or epicardial space mapped (if nonseptal origin) based on entrainment, pace, and activation mapping or by interruption of VT by ablation, or (4) when intramural scarring was seen on cardiac MRI. 14, 17 Before the validation of unipolar voltage mapping, [14] [15] [16] intramural substrate was inferred if the earliest activation for that chamber or epicardial space showed activation at the beginning of the QRS complex with focal spread of activation away and if entrainment (if performed) indicated an outer loop, exit, or bystander site, and ablation failed to abolish VT at these sites.
18

Outcomes
Outcomes at the end of the procedure reported included (1) abolishment of ≥1 inducible VT (spontaneous or nonspontaneous); (2) abolishment of all inducible VTs (spontaneous or nonspontaneous); and (3) abolishment of VT storm. 8 The reported long-term outcomes included (1) procedure success defined survival free of any VT during followup after a single and after multiple procedures; (2) arrhythmia control defined as any reduction in the number of VT episodes or number of antiarrhythmic drugs required for arrhythmia control during follow-up; (3) overall survival; and (4) survival free of death or cardiac transplantation. Survival free of VT recurrence, death, or cardiac transplant in patients with active disease versus those with inactive disease was also reported. Assessment of disease activity was made by an expert treating physician in sarcoidosis using clinical symptoms, biopsy results, and results of positron emission tomographic imaging.
Follow-Up
Follow-up included review of records of all hospital and outpatient clinic visits and discussion with referring cardiologists and primary care physicians. Details of implantable cardioverter defibrillator programming are provided in Methods in the Data Supplement. The National Social Security Death Index was searched for mortality information.
Statistical Analysis
The Statistical Package for the Social Sciences for Windows (IBM SPSS, release 22, Armonk, NY) was used for analysis. Continuous variables were expressed as mean±standard deviation if normally distributed; median and interquartile range 25% to 75% (Q25-Q75) or full ranges were used if the data were clearly skewed. Where normal distribution was not present, log transformation of the raw values was performed to meet the assumption of homogeneity of variance. Where applicable, paired sample t test was performed using the raw values (if normally distributed) or log-transformed values (if not normally distributed). Procedural success, overall survival, and survival free of death or cardiac transplant were estimated using the Kaplan-Meier procedure and log-rank χ 2 test. A P value <0.05 was considered statistically significant.
Results
Patient Demographics
The mean age of the cohort was 47±9 years (range, 33-66 years) with 17 males (Table) . At time of ablation, 12 patients were receiving immunosuppression for active disease (presence
WHAT IS KNOWN
• Cardiac sarcoidosis is a rare disorder.
• There is limited understanding of the mechanism, electrophysiological substrate, and role of catheter ablation in the treatment of drug-refractory ventricular tachycardia (VT) in cardiac sarcoidosis.
WHAT THE STUDY ADDS
• Cardiac sarcoid-related VT is because of re-entry involving confluent regions of right ventricular endocardial and epicardial scarring and patchy endocardial left ventricular scarring affecting basal septum, anterior wall, and perivalvular regions. These regions are capable of sustaining a large number of VT circuits.
• Catheter ablation is able to terminate VT storm and abolishing spontaneous VTs in the majority of patients, resulting in reduction in the burden of defibrillator shocks. Recurrences were common, and failure to abolish all VTs was predominantly attributable to intramural circuits.
• Catheter ablation in conjunction with antiarrhythmic drugs can help palliate VT in this high-risk population.
of granulomatous inflammation on biopsy or evidence of active disease of cardiac positron emission tomographic scanning). Six patients were not receiving immunosuppression because the diagnosis was made after ablation, including 2 who had cardiac transplant granulomatous inflammation identified in the explanted heart and 4 diagnosed immediately after ablation who were subsequently started on immunosuppressants for active disease. Three patients were felt to have inactive disease at time of ablation and were not receiving immunosuppression.
Procedural Data
A total of 32 ablation procedures were performed over a mean follow-up of 4.8±5.1 years (median 2; Q25-Q75, 1-9.5 years; Table) . Twenty-one patients underwent a single procedure, 9 patients underwent 2 procedures, and 2 patients underwent 3 procedures. A total 99 sustained monomorphic VTs were inducible across all procedures, of which 67 VTs were felt to have occurred clinically. The majority of VTs had left bundle morphology in lead V 1 (59%), followed by right bundle (32%) or indeterminate morphology (9%). All VTs had demonstrable evidence of reentry related to regions of scar (Table in the Data Supplement) .
Electroanatomic Mapping Features
Endocardial mapping was performed in all patients and epicardial mapping in 8 patients. The RV was mapped in 18 patients, LV in 15 patients, and both chambers in 12 of 21 patients. RV scarring, present in 16 of 18 patients, tended to be confluent, with similar frequency in all regions of the RV (Figure 1 ). Extensive RV scarring with only a small region of intervening normal voltage was present in 7 of 18 patients. LV scarring was present in 14 of 15 patients. In contrast to the RV, LV scarring tended to be patchy, with a predilection for the septum, followed by the anterior wall, LV outflow tract/ aortomitral continuity region, inferior wall, lateral wall, and the apex (Figure 1 ).
Epicardial RV scar was present in 7 of 8 patients and was overlying and exceeded the region of corresponding endocardial scar. In contrast, epicardial LV scar did not correspond to the region of endocardial scarring in 2 and was absent altogether, despite underlying endocardial scar in 2 patients. In 2 patients, it corresponded to the site of endocardial scar. One patient had neither endo-nor epicardial low-voltage LV scar, and in another, focused epicardial mapping was performed Incessant NSVT║ 2 AVB indicates atrioventricular block; CRT-D, cardiac resynchonization therapy defibrillator; ICD, implantable cardioverter defibrillator; Q25-Q75, interquartile range 25% to 75%; NSVT, nonsustained VT; NYHA, New York Heart Association; RFA, radiofrequency ablation; SD, standard deviation; SMVT, sustained monomorphic VT; VF, ventricular fibrillation; and VT, ventricular tachycardia.
*Cardiac biopsy alone (6), cardiac+lymph node biopsy (1), whole heart histopathologic examination postcardiac transplant (2) .
†Mediastinal lymph nodes (11) and liver biopsy (1) . ‡Median of 17 (Q25-Q75, 15-96) months after first symptomatic presentation. §Median of 9.5 (range, 7-9.5) months after first symptomatic presentation. ║Both patients also had inducible VT matching nonsustained VT morphology during electrophysiology study. over the RV only as all VTs were of RV origin. LV epicardial scarring, when present, was patchy and was located over the basal septum, lateral mitral annulus, the crux of the heart (posterobasal septum), and the LV summit.
Additional Information From Imaging Studies
Cardiac MRI or positron emission tomographic scanning revealed scarring of the septum and RV free wall in 1 patient in whom voltage mapping of the RV was not performed. In 2 patients who did not undergo LV voltage mapping, scar in the basal inferior, basal anterior and inferior septum, mid-inferior wall, and apical inferior LV was noted (on MRI and positron emission tomography in 1 patient, respectively).
Catheter Ablation and Acute Procedural Outcomes
Endocardial radiofrequency ablation was delivered in all patients; in 5 of the 8 patients who underwent epicardial mapping, concurrent epicardial radiofrequency ablation was also administered (representative examples in Figures 2, also Figures I-IV in the Data Supplement).
At the first procedure, a median of 3 VTs were inducible (range, 1-8) and had a median cycle length of 355 ms (range, 240-600 ms). At least 1 inducible VT was abolished in 19 of 21 patients (91%). All inducible VTs (spontaneous and nonspontaneous) were abolished in 9 of 21 patients (43%). All spontaneous VTs were abolished, but nonspontaneous VTs remained inducible in 5 of 21 patients (24%); some spontaneous VTs were abolished, but other spontaneous VTs remained inducible in 5 of 21 (24%) patients. In 2 of 21 patients (10%), the spontaneous VT remained inducible. A median of 1 VT (range, 0-8) remained inducible at the end of the first procedure.
Nine patients underwent a second procedure during which a median of 4 VTs were inducible (range, 1-5) and had a median cycle length of 310 ms (range, 250-400 ms). At least 1 inducible VT was abolished in 7 of 9 patients (78%). All inducible VTs (spontaneous and nonspontaneous) were abolished in 2 of 9 patients (22%). All spontaneous VTs were abolished, but nonspontaneous VTs remained inducible in 3 of 9 patients (33%); some spontaneous VTs were abolished, but other spontaneous VTs remained inducible in 1 of 9 patients (11%). In 1 patient, programmed ventricular stimulation induction was not performed after ablation to avoid further hemodynamic stress. In 2 of 9 patients (22%), the spontaneous VT remained inducible. A median of 1 VTs (range, 0-4) remained inducible at the end of the second procedure. Two patients underwent a third procedure, both of whom had 2 VTs inducible and had a median cycle length of 328 ms (range, 300-356 ms). At least 1 inducible VT was abolished in both patients (100%). All spontaneous VTs were abolished, but nonspontaneous VTs remained inducible in 1 patient. Some spontaneous VTs were abolished, but other spontaneous VTs remained inducible in 1 patient. Both patients had 1 inducible VT left at the end of the procedure.
During any procedure (first, second, or third), ≥1 VT was abolished in 19 of 21 patients (90%). VT storm was experienced by 9 patients; storm was a procedural indication in 7 patients on their first procedure. Ablation terminated VT storm in 5 of 7 patients (71%). In 2 patients, storm was a procedural indication for catheter ablation for 2 procedures and catheter ablation was successful in terminating VT storm on both occasions. During any procedure (first or second), VT storm was treated successfully in 7 of 9 (78%) of patients. The 2 patients in whom VT storm could not be acutely treated were referred for cardiac transplantation.
Failure to abolish all inducible VTs was because of septal intramural circuits (9 procedures), extensive RV scarring with multiple re-entry circuits (6 procedures), or sites of origin in close proximity to the left anterior descending coronary (3 procedures) or the ramus intermedius (1 procedure) or the para-Hisian region (1 procedure) prohibiting safe ablation (Table in the Data Supplement).
The only complication was electromechanical dissociation in 1 patient necessitating urgent biventricular assist device implantation as a bridge to cardiac transplantation.
Outcomes in Follow-Up
During a mean follow-up of 4.8±5.1 years (median 2; Q25-Q75, 1-9.5 years), all but 3 patients had VT recurrence after a single procedure (Figure 3 ). Arrhythmia control, however, was achieved in the remaining patients after a mean of 1.5±0.7 procedures (median 1; range, 1-3 procedures). Significantly fewer antiarrhythmic drugs were required to achieve arrhythmia control at last follow-up compared with prereferral (1.1±0.8 versus 2.1±0.8, respectively; P<0.001). After multiple procedures, the number of VT episodes reduced from a median of 3 (Q25-Q75, 2-5) episodes in the preceding month before the first ablation to a median of 0 (Q25-Q75, 0-1) episodes in the 6 months after the final ablation (P<0.001). At 1 year, the rates of freedom from any VT after a single and multiple procedures were 25% and 37%, respectively.
Four patients died during follow-up (2 from progressive heart failure, 2 while awaiting transplant for recurrent VT). Survival at 1 year and at mean follow-up was 91% and 85%, respectively. Five patients underwent cardiac transplant (4 because of recurrent VT, 1 because of intractable heart failure). Survival free of death or cardiac transplant 1 year and at mean follow-up was 76% and 61%, respectively.
At 1 year, patients with inactive disease who were not receiving immunosuppression (n=3) had a significantly better survival free of the combined end point of VT recurrence, death, or transplant versus those who had active disease or were receiving concurrent immunosuppression (n=18; 67% versus 6%; P=0.03 by log rank).
Discussion
This study characterizes the ventricular substrate, electrophysiological mechanism, and long-term outcomes of patients with cardiac sarcoidosis who developed VT treated with catheter ablation. Cardiac sarcoidosis is a rare disorder, accounting for only 5% of nonischemic cardiomyopathy patients undergoing catheter ablation for ventricular arrhythmia over a 17-year period.
We found that the substrate for VT in this population is characterized by re-entry around confluent regions of endoand epicardial RV scarring, with no predilection for any particular RV region. In contrast to confluent RV scarring, LV scarring tended to be patchy with a predilection for the septum, anterior wall, and perivalvular regions. RV epicardial scarring frequently overlay and exceeded the corresponding region of endocardial scar; however, this relationship was not consistently observed over the epicardial LV. This substrate was capable of sustaining a large number of re-entrant VT circuits. Catheter ablation was effective in terminating ≥1 spontaneous (clinical or inducible) VT in the majority of patients (90%). Importantly, catheter ablation eliminated VT storm in the majority (78%) of patients.
Although VT recurrence after ablation was common, arrhythmia control was achieved in the majority of patients with repeat ablation and required fewer antiarrhythmic drugs compared with preablation. Elimination of all inducible VTs was difficult to achieve because of diffuse and heterogeneous RV involvement, intramural scarring, or close proximity to critical epicardial structures, such as the coronary arteries prohibiting ablation. The inability to abolish all inducible VTs, as well as the high risk of recurrence, death, or cardiac transplant, underscores the need for better treatment options in this high-risk group. Furthermore, given the tendency for advanced heart failure (specifically, RV dysfunction that was noted in approximately threequarters of patients), and 1 case of electromechanical dissociation postablation, peri-and postprocedural circulatory support should be strongly considered.
Prior Studies
Ventricular arrhythmias in cardiac sarcoidosis portend an increased risk of mortality. 4 Prior pathological studies have shown myocardial involvement in the LV free wall and papillary muscles, the basal ventricular septum, and the RV free wall in decreasing order of frequency. 1, 19 In the present population who developed clinical arrhythmia, detailed endo-and epicardial voltage mapping showed that this population almost universally exhibit confluent RV scarring with patchy LV involvement with a predilection for the septum, anterior wall, and the outflow tracts. In contrast to prior studies with fewer patients with RV involvement, all our patients had spontaneously occurring VTs, suggesting that RV involvement may be particularly arrhythmogenic.
Triggered activity and abnormal automaticity have been observed with cardiac sarcoidosis patients with reduction in arrhythmic burden after initiation of immunosuppression. 20, 21 Cardiac sarcoidosis is characterized by myocardial inflammation and interstitial fibrosis that can lead to conduction slowing and macro re-entrant arrhythmias 1, 6, 7, 22 ; our findings are consistent with such a mechanism. One prior multicenter study of 8 patients reported VT circuits to be predominantly located around the tricuspid valve; however, the authors reported that the entire VT circuit was not mapped in most patients. 7 VT circuits were also mapped in the RV outflow tract and the mitral annulus, 7 findings that are consistent with the locations noted in our study. Another study reported that VT circuits had a predilection for the RV apex. 22 We found that VT circuits were intimately related to the location of scarring, which tended to be widespread around confluent regions anywhere in the RV and patchy in the LV. We did not find a predilection for the peritricuspid region or the RV apex as reported previously. 7, 22 This may represent more advanced disease substrate in our cohort. As reported by prior studies, 6, 7, 22 multiple inducible VTs were observed in our study, consistent with the diffuse nature of myocardial involvement.
Outcomes of catheter ablation in this group of patients have previously been reported in smaller case series (<10 patients) with shorter follow-up compared with the present study. 6, 7, 22, 23 Decreased or complete elimination of all VTs was observed in all patients in 1 study. 7 Our group likely represents a higher risk cohort with lower LV ejection fraction (36±14% versus 42±14%) and more extensive VT substrate than that reported by Jefic et al. 7 In that study, the disease may have been more localized (peritricuspid valve), and thus more amenable to successful catheter ablation.
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Limitations
Being a tertiary referral center, our patients may represent those with the most severe disease. The current experience is based on a relatively modest sample size; nevertheless, it is one of the largest series in this rare disorder and encompasses >17 years of experience with catheter ablation in these patients. Comparing outcomes of active versus inactive disease was limited by statistical power because of low numbers in each group (18 and 3 patients, respectively). We were unable to systematically assess the effect of disease staging and immunosuppression on outcomes after catheter ablation because the diagnosis was made after ablation in 6 of 21 patients and immunosuppression started thereafter. Further studies are needed to establish a systematic strategy of disease staging that may guide immunosuppression, the timing of catheter ablation, and perhaps provide an indicator of the likelihood of procedural success.
Conclusions
Patients with cardiac sarcoidosis and spontaneous VT exhibit ventricular substrate characterized by diffuse and heterogeneous RV scarring and patchy LV scarring capable of sustaining a large number of re-entrant circuits. Catheter ablation is effective in terminating ≥1 inducible VT in the majority of patients, but extensive scarring and intramural circuits prohibit abolishment of all inducible VTs. VT recurrence after ablation is common, but ablation is particularly effective in treating VT storm and may provide palliation of recurrent uncontrollable arrhythmias. Despite a combination of medical therapy and ablation, a significant proportion of patients experience death or the need for cardiac transplant, underscoring the need for better treatment options in this high-risk group. 
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